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Pistils of flowering plants possessing self-incompatibility (SI) can distinguish between self 
and non-self pollen, and only allow non-self pollen to effect fertilization. For Petunia 
inflata, the S-RNase gene encodes pistil specificity and multiple S-locus F-box (SLF) 
genes encode pollen specificity. Each SLF produced in pollen interacts with a subset of 
non-self S-RNases to mediate their ubiquitination and degradation by the 26S proteasome. 

S-locus F-box has been proposed to function as a component of the conventional SCF (SKP1- 
CULLIN-F-box protein) complex, based on the finding that two SKPl-like proteins, AhSSKl 
(Antirrhinum hispanicum SLF-interacting SKPl-likel) and PhSSKl (Petunia hybrida SSK1), inter- 
act with the F-box domain of some allelic variants of SLF. However, we previously showed that 
PiSLF (P. inflata SLF) did not interact with any SKP1 of P. inflata or Arabidopsis thaliana, but 
instead interacted with a RING-finger protein, PiSBPl (P. inflata S-RNase-Binding Proteinl), 
which may also play the role of SKP1. Thus, the biochemical nature of the SLF-containing 
complex is as yet unclear. 

Principal results To examine whether the F-box domain of PiSLF is required for SI function, we expressed a 
truncated PiSLF 2 (S 2 allelic variant) without this domain in 5 2 S 3 plants and showed that, 
unlike the full-length PiSLF 2 , it did not cause breakdown of SI in S 3 pollen. We identified 
PiSSKl (P. inflata SSK1) and found that it did not interact with PiSLF a , PiSLF 2 or PiSLF 3 . 

Conclusions The finding that the truncated PiSLF 2 did not cause breakdown of SI in S 3 transgenic pollen 

suggests that the F-box domain of PiSLF 2 is required for mediating degradation of 
S 3 -RNase, a non-self S-RNase, in S 3 pollen, and thus is required for SI function. The finding 
that PiSSKl did not interact with three allelic variants of PiSLF is consistent with our previous 
finding that PiSLF might not be in a conventional SCF complex. 
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Introduction 

Self-incompatibility (SI) is a reproductive strategy 
adopted by many flowering plants to reject self pollen 
but accept non-self pollen for fertilization (de Nettan- 
court 2001). Self-incompatibility is controlled by the 
highly polymorphic S-locus, which contains the genes 
for female and male specificity determinants in SI, 
respectively. Variants of the S-locus are termed 
S-haplotypes, and are designated as Si, S 2 , S 3 , etc. 

For the type of SI possessed by Solanaceae, Rosaceae 
and Plantaginaceae, pollen is recognized as self pollen if 
its S-haplotype matches either S-haplotype of the diploid 
pistil (Kao and Tsukamoto 2004; Franklin-Tong 2008). 
Both self and non-self pollen germinate on the stigmatic 
surface, but the growth of self pollen tubes is arrested 
typically in the upper third segment of the style. The 
female specificity determinant is encoded by the highly 
polymorphic S-RNase gene (Lee et al. 1994; Murfett 
et al. 1994), which produces a T2-type ribonuclease 
(McClure et al. 1989). Through genomic sequencing of 
the S-locus, another polymorphic gene, S-locus F-box 
(SLF or SF8), was identified first in Antirrhinum (Plantagi- 
naceae) (Lai et al. 2002) and then in several rosaceous 
species (Entani et al. 2003; Ushijima et al. 2003; 
Yamane et al. 2003) and Petunia inflata (Solanaceae) 
(Wang et al. 2004). S-locus F-box was so named 
because its protein product contains a predicted F-box 
domain at the N-terminus. In P. inflata, PiSLF 2 (S 2 allele 
of P. inflata SLF; type-1 SLF) was identified -161 kb 
downstream from the S-RNase gene in the S 2 -haplotype 
genome. The function of PiSLF 2 in controlling pollen SI 
specificity was established via a transgenic approach 
(Sijacic et al. 2004) designed based on an old obser- 
vation that SI breaks down in diploid heteroallelic 
pollen carrying two different pollen S-alleles, but not in 
homoallelic pollen carrying two copies of the same 
S-allele (Brewbaker and Natarajan 1960). For example, 
when PiSLF 2 was introduced into S 2 S 3 transgenic 
plants, it caused breakdown of SI in S 3 pollen (heteroal- 
lelic pollen carrying both S 2 - and S 3 -alleles of PiSLF) but 
not in S 2 pollen (homoallelic pollen carrying two copies 
of S 2 -allele of PiSLF) (Sijacic et al. 2004). 

S-RNase is synthesized in the transmitting cell of the 
style and secreted into the extracellular space of the 
transmitting tract. After germinating on the stigmatic 
surface and penetrating into the transmitting tract of 
the style, a pollen tube takes up both self and non-self 
S-RNases by an as yet unknown mechanism (Goldraij 
et al. 2006). As predicted by a protein degradation 
model, PiSLF, PiSBPl (P. inflata S-RNase-Binding 
Proteinl; a RING-finger protein) and a CULLIN-l-like 
protein form a novel E3 ubiquitin ligase complex, which 



specifically targets any non-self S-RNases for ubiquitina- 
tion and ultimate degradation by the 26S proteasome 
inside the pollen tube (Hua and Kao 2006; Hua et al. 
2008). Thus, in the case of incompatible pollination 
wherein self S-RNase is taken up by a pollen tube, the 
self S-RNase degrades RNA in the cytoplasm of 
the pollen tube to result in its growth arrest, and in the 
case of compatible pollination, the pollen tube uses its 
PiSLF-containing E3 complex to detoxify non-self 
S-RNases, allowing tube growth to effect fertilization 
(Hua et al. 2008). 

Very recently, through in vivo functional assay of 
additional alleles of SLF of P. inflata, Petunia hybrida and 
Petunia axillaris, it was discovered that the control of 
pollen specificity in Petunia is more complex than initially 
thought, as the pollen determinant is encoded by multiple 
types of polymorphic SLF genes, and not just the type of 
SLF gene first identified by sequencing of the S-locus 
(Kubo et al. 2010). Co-immunoprecipitation experiments 
using extracts of transgenic pollen expressing an allele 
of a particular type of SLF and style extracts containing 
either self or non-self S-RNases (Kubo et al. 2010) have 
further confirmed a previously discovered key biochemical 
feature of the protein degradation model that an SLF 
interacts more strongly with its non-self S-RNases than 
with its self S-RNase (Hua and Kao 2006). A modified 
protein degradation model, named collaborative 
non-self recognition, has been proposed. According to 
this model, for a given S-haplotype, each type of SLF can 
only recognize and interact with a subset of non-self 
S-RNases, and multiple types of SLF proteins are required 
to collaboratively recognize all non-self S-RNases to 
mediate their degradation to allow cross-compatible pol- 
linations. However, none of the SLF proteins is able to effi- 
ciently bind self S-RNase to result in its degradation, thus 
allowing it to exert its cytotoxic function inside a self 
pollen tube (Kubo et al. 2010). The involvement of multiple 
polymorphic SLF genes in pollen specificity can explain 
why the first SLF gene identified in P. inflata and Antirrhi- 
num shows a lower degree of allelic sequence diversity 
than the S-RNase gene, which by itself controls pistil speci- 
ficity. The PiSLF gene has been renamed type-1 SLF and 
designated as SLF1, and its alleles are designated as 
S n -SLF1. For example, PiSLF 2 is designated as S 2 -SLF1. 
The additional types of SLF genes are named type-2 SLF 
(designated as SLF2), type-3 (designated as SLF3), etc. 
Since this report only deals with PiSLF, we will still use 
the old name of PiSLF to prevent confusion. 

In the canonical SCF (SKPl-CULLIN-l-F-box) complex, 
the F-box protein interacts with SKP1 through its 
N-terminal F-box domain, and interacts with its sub- 
strate(s) through another protein -protein interaction 
domain at the C-terminus. The putative PiSLF-containing 
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E3 ligase complex does not appear to contain an 
SKPl-like protein, but instead contains PiSBPl, which is 
three times the size of PiRBXl (the RING-finger com- 
ponent of a conventional SCF complex) and could play 
the roles of both SKP1 and RBX1 (Hua and Kao 2006). 
This finding, coupled with the finding that the C-terminal 
domain (CTD) of PiSLF 2 (lacking the F-box domain) can 
interact with PiSBPl (Hua and Kao 2006), raises a ques- 
tion as to whether the F-box domain of PiSLF is necess- 
ary for its function in SI. To address this question, 
we constructed a truncated PiSLF 2 gene encoding 
PiSLF 2 (CTD), which lacks the predicted F-box domain 
(amino acids 9-49) and the N-terminal eight amino 
acids, fused the coding sequence for a GFP (green fluor- 
escent protein) to its 3' end, and used the pollen-specific 
LAT52 promoter of tomato (Twell et al. 1990) to express 
this transgene in S 2 S 3 plants of P. inflata. We wished to 
determine whether the expression of PiSLF 2 (CTD) would 
cause breakdown of SI in S 3 transgenic pollen, as is the 
case with the full-length PiSLF 2 . If the F-box domain is 
not necessary for the function of PiSLF in SI, the trans- 
genic plants should exhibit the same SI behaviour as 
the transgenic plants expressing the full-length PiSLF 2 . 
However, if the F-box domain is required for the function 
of PiSLF, the over-expression of PiSLF 2 (CTD) could have a 
dominant-negative effect on the function of endogen- 
ous PiSLF 2 . 

Moreover, contrary to the finding with PiSLF, Qiao et al. 
(2004b) suggested that AhSLF 2 of Antirrhinum might be 
a component of a canonical SCF complex. It was sub- 
sequently found that a novel class of SKPl-like protein 
in Antirrhinum, named AhSSKl (Antirrhinum hispanicum 
SLF-interacting SKPl-likel), and in P. hybrida, named 
PhSSKl, interacted with the F-box domain of certain 
allelic variants of AhSLF and PhSLF (P. hybrida SLF) 
(Huang et al. 2006; Zhao et al. 2010). In this report, we 
identified an orthologue of AhSSKl and PhSSKl in 
P. inflata, and tested its interactions with three allelic 
variants of PiSLF that have been shown to be involved 
in controlling pollen specificity in SI. 

Materials and methods 

Plant materials 

The SjS}, S 2 S 2 , S 3 S 3 and S 2 S 3 genotypes of P. inflata were 
described by Ai et al. (1990), and the S 6 S 6 genotype of 
P. inflata was described in Wijsman (1983). 

Generation of Ti plasmid constructs and plant 
transformation 

The Ti plasmid construct for PiSLF 2 (CTD):GFP was gener- 
ated by a procedure similar to that described for the 
generation of the Ti plasmid construct for PiSLF 2 :GFP 



(Hua et al. 2007). The C-terminal domain construct 
contains a 1017-bp coding sequence of PiSLF 2 , lacking 
the N-terminal 150 bp that encodes the F-box domain. 
Polymerase chain reaction (PCR) was performed to 
amplify the cDNA for PiSLF 2 (CTD) using PiSLF 2 (CTD) FOR 
(5'-AACCATGGCTATCAATCGCAAAACAAAC-3') and PiSLF 2 
REV (5'-GCGGCCGCAAATTTTTGTACTTTTGTAC-3') primers. 
The Ti plasmid construct was transformed into Agrobac- 
terium tumefaciens (LBA4404) by electroporation, and 
Agrobacter/um-mediated plant transformation was 
performed according to the method described in Lee 
et al. (1994). 

Genomic DNA isolation and gel blot analysis 

Genomic DNA was isolated from 0.5 g of young leaf 
tissue with Plant DNAzol Reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer's protocol. 
Each genomic DNA sample (15 |utg) was digested with 
Hindlll (32 units) for 16 h at 37 °C, and the DNA frag- 
ments were separated by electrophoresis overnight on 
0.7 % (w/v) agarose gels and transferred to positively 
charged nylon membranes (Biodyne B; Pall, Port 
Washington, NY, USA) overnight. The 888-bp fragment 
of PiSLF 2 was used as probe (Sijacic et al. 2004), and 
labelled with 32 P using the Ready-to-Go Labeling kit 
(GE Healthcare, Piscataway, NJ, USA). The membranes 
were treated as described by Skirpan et al. (2001), and 
then exposed to X-ray film at -80 °C for 24 h with an 
intensifying screen. 

Visualization of GFP fluorescence in pollen tubes 

Pollen was collected and germinated as described in 
Meng et al. (2009). The samples were visualized using 
a Nikon Eclipse 90i epifluorescence microscope (Nikon, 
Shinjuku, Japan). 

Reverse transcription-PCR analysis 

Total RNA was isolated from various plant tissues using 
Trizol reagent (Invitrogen). For each plant, 5 |xg of RNA 
were used to synthesize cDNA in the presence of SMART- 
Scribe reverse transcriptase according to the manufac- 
turer's protocol (Clontech, Mountain View, CA, USA). In 
all, 250 ng of RNA, 250 ng of the resulting cDNA and 
0.1 (jig of genomic DNA were separately used for PCR, 
with one of the following primer pairs: SLF 2 (CTD) FOR 
(5'-AACCATGGCTATCAATCGCAAAACAAAC-3') and GFP 
REV (5'-AGGTGGTCACGAGGGTG-3') for PiSLF 2 (CTD):GFP; 
Actin FOR (5'-GGCATCACACTTTCTACAATGAGC-3') and 
Actin REV (5'-GATATCCACATCACATTTCATGAT-3') for the 
actin gene; PiSSKl FOR (5'-AAGGATCCATATGGCATCAG-3') 
and PiSSKl REV (5'-CGGAGCTCTAATTGACAGTATCA-3') for 
PiSSKl. Polymerase chain reaction was performed with 
95 °C denaturation for 3 min followed by 30 cycles of 
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95 °C for 30 s, 56 °C for 30 s and 72 °C for 1 min for 
amplifying PiSLF 2 (CTD):GFP and PiSSKl, or followed by 
20 cycles of 95 °C for 30 s, 60 °C for 30 s and 72 °C for 
45 s for amplifying the actin gene. A final extension at 
72 °C for 10 min was performed after the amplification 
cycles. 

Protein gel blot analysis 

For protein blot analysis of anther proteins, total protein 
was extracted from stage 5 anthers as described by Lee 
et al. (1994), using protein extraction buffer as described 
by Hua et al. (2007). Protein concentrations were deter- 
mined using the BioRad protein assay system (Bio-Rad, 
Hercules, CA, USA). After quantification, protein 
samples were resolved on 10 % polyacrylamide gels 
and transferred to polyvinylidene difluoride membranes 
(Millipore, Billerica, MA, USA). The membranes were 
then immunoblotted using rabbit anti-GFP antibody 
(1:1500 dilution; Abeam, San Francisco, CA, USA) and 
peroxidase-linked sheep anti-rabbit IgG (1:10 000 
dilution; GE Healthcare) to detect GFP and GFP fusion 
proteins. For protein blot analysis of yeast proteins, 
yeast cells were harvested between OD 60 o 0.4 and 1.0, 
resuspended in 20 % trichloroacetic acid (TCA), vortexed 
by glass beads for 12 min, washed with 5 % TCA and 
resuspended in 0.5 M Tris, pH 7.4. 3x sodium dodecyl 
sulphate- polyacrylamide gel electrophoresis buffer 
was added and boiled for 4-5 min to denature the pro- 
teins. The protein blot analysis was carried out as 
described above, except that the primary antibody was 
mouse anti-HA (1:1000 dilution; Babco, Princeton, NJ, 
USA) and the secondary antibody was peroxidase- 
conjugated goat anti-mouse IgG (1:25 000 dilution; 
Thermo Scientific, Waltham, MA, USA). 

Visualization of pollen tube growth in pollinated 
pistils 

Pollinated pistils for visualization were prepared as 
described by Fields et al. (2010). The samples were visu- 
alized under UV light using a Nikon Eclipse 90i epifluores- 
cence microscope (Nikon). 

PCR genotyping and analysis of progeny 

Genomic DNA was extracted as described in the section 
'Genomic DNA isolation and gel blot analysis'. For each 
plant, 100 ng of genomic DNA were used for PCR with 
primer pairs of SLF 2 (CTD) FOR (5'-AACCATGGC- 
TATCAATCGCAAAACAAAC-3') and GFP REV (5'-AGGTGG- 
TCACGAGGGTG-3') for the PiSLF 2 (CTD):GFP transgene, 
and with primers specific to the S 2 -RNase and the 
S 3 -RNase genes to analyse the S-genotype of each 
progeny plant (Meng et al. 2009). Polymerase chain reac- 
tion was performed with 95 °C denaturation for 3 min 



followed by 30 cycles of 95 °C for 30 s, 55 °C for 30 s, 
72 °C for 1 min and a final extension at 72 °C for 10 min. 

Screening of the bacterial artificial chromosome 
library by PCR 

The S 2 S 2 bacterial artificial chromosome (BAC) library of 
P. inflata was constructed by McCubbin et al. (2000) 
and screened as described in Wang et al. (2004). Poly- 
merase chain reaction was performed using a pair of 
primers, PhSSKl FOR (5'- ATGGCATCAGAAAAG-3') and 
PhSSKl REV (5'-TAATTGACAGTATC-3') ( specific to the 
coding region of PhSSKl, and five positive clones were 
obtained. Bacterial artificial chromosome DNA was iso- 
lated from the positive clones and sequenced using 
primers PhSSKl FOR, PhSSKl REV, F408 (5'-GCCTA- 
ACCTGACAATCCACTTT-3') and R603 (5'-AACCAAAGTGAC- 
CAAGCAAAA-3'). 

DNA sequence analysis 

All DNA sequencing was carried out at the Nucleic Acid 
Facility of The Pennsylvania State University (http:// 
tanager.huck.psu.edu). Nucleotide sequences were 
assembled and analysed using DNA Strider 1.2.1. Align- 
ments of amino acid sequences were performed using 
ClustalW (http://www.ebi.ac.uk/clustalw/); gonnet250 
protein weight matrix was selected, and the gap 
opening and extension parameters were 10 and 0.2, 
respectively. Alignments were shaded using Boxshade 
version 3.21 (http://www.ch.embnet.org/software/BOX_ 
form.html). 

Yeast two-hybrid assay 

The yeast two-hybrid assay was carried out as described 
in the Matchmaker™ gold yeast two-hybrid system user 
manual (Clontech). The coding sequences of PiSLFi, 
PiSLF 2 , PiSLF 3 , PiSLF 2 (CTD) and PiSLF 2 (F-box) were cloned 
in-frame with the coding sequence of the GAL4 binding 
domain (BD) in pGBK-T7. The coding sequence of 
PiSSKl was cloned in-frame with the coding sequence 
of the GAL4 activation domain (AD) in pGAD-T7. PiSBPl 
in prey vector pGAD-Cl was previously made (Hua and 
Kao 2006). To test the interaction between two proteins, 
the corresponding BD and AD constructs were 
co-transformed into Saccharomyces cerevisiae Y2HGold 
(Clontech), and the transformants were plated out on 
synthetic dropout medium without leucine or trypto- 
phan to select for cells in which both BD and AD fusion 
proteins were co-expressed. Transformants were 
streaked out on selective plates lacking adenine, histi- 
dine, leucine and tryptophan, and selective plates 
lacking adenine, histidine, leucine and tryptophan, but 
containing X-a-Gal and aureobasidin, to examine 
growth and galactosidase activity. 
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Results 

Generation of transgenic S 2 S 3 plants carrying 
LAT52-PiSLF 2 (CTD):GFP 

We previously used the pollen-specific LAT52 promoter 
of tomato (Twell et al. 1990) to express the entire 
coding sequence of PiSLF 2 fused in-frame to the coding 
sequences of a 13-amino-acid linker and GFP in S 2 S 3 
transgenic plants (Hua et al. 2007). Using the LAT52 pro- 
moter to express higher than normal levels of PiSLF 2 
fused to GFP did not affect the viability of transgenic 
pollen, nor did it affect the in vivo function of PiSLF 2 . 
Thus, we used the same strategy to express PiSLF 2 (CTD) 
in which the coding sequence for the N-terminal 49 
amino acids, including the predicted 41-amino-acid 
F-box domain, was deleted from PiSLF 2 . The resulting 
pBI-LAT52-PiSLF 2 (CTD):GFP construct was introduced 
into S 2 S 3 plants of P. inflata, and 35 T 0 transgenic 
plants were obtained. 



We first examined all the transgenic plants for the 
presence and copy numbers of the transgene by 
genomic DNA blot analysis, using as probe an 888-bp 
fragment of the PiSLF 2 coding region (without the 
F-box motif region, Fig. 1A) (Sijacic et al. 2004; Hua 
et al. 2007). Seven transgenic plants, designated as 
PiSLF 2 (CTD):GFP/S 2 S 3 -9, -11, -18, -25, -28, -30 and -33, 
carried a single copy of the transgene and the remainder 
carried two or more copies. The transgene insertion 
patterns of representative plants are shown in Fig. IB, 
along with the results of two wild-type S 2 S 3 plants 
serving as controls. 

Expression of PiSLF 2 (CTD):GFP in the pollen 
of transgenic plants 

We examined the expression of PiSLF 2 (CTD):GFP in trans- 
genic plants by observing the fluorescence of the 
GFP-fused protein in in v/tro-germinated pollen tubes. 
For transgenic plants that carry one copy of 
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Fig. 1 Generation of PiSLF 2 (CTD)/S 2 S 3 transgenic plants. (A) Schematic representation of the full-length PiSLF 2 and the C-terminal 
domain PiSLF 2 (CTD) transgene constructs. The full-length construct contains a 1167-bp coding sequence of PiSLF 2 , and the C-terminal 
domain construct contains a 1017-bp coding sequence of PiSLF 2 , lacking the 5'-terminal 150 bp encoding the F-box domain. Each con- 
struct also contains the coding sequence of a GFP fused in-frame to the last codon of the coding sequence. NOS, the gene encoding 
nopaline synthase; pro, promoter; ter, transcription terminator; NPT II, the gene encoding neomycin phosphotransferase II (conferring 
kanamycin resistance). The region between the right (RB) and the left border (LB) is integrated into transgenic plants. (B) Genomic DNA 
gel blot analysis of 13 T 0 PiSLF 2 (CTD):GFP/S 2 S 3 transgenic plants and two S2S3 wild-type plants. An 888-bp fragment of the PiSLF 2 coding 
region without the F-box motif was used as probe. Each lane contains 15 ^g of genomic DNA digested with Hindlll (32 units). Asterisks 
denote the endogenous PiSLF 2 and PiSLF 3 genes. DNA size markers are indicated. 
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PiSLF 2 (CTD):GFP, -50 % of the pollen tubes should show 
fluorescence if the GFP-fused protein is indeed expressed 
and not toxic to pollen/pollen tubes. All seven transgenic 
plants showed fluorescence in ~50% of their germi- 
nated pollen tubes (Table 1 and [Additional Figure 1]), 
consistent with the finding by genomic DNA blot analysis 
(Fig. IB) that they each carried a single copy of the 
transgene. 

To confirm that the fluorescence observed in in vitro- 
germinated pollen tubes was due to PiSLF 2 (CTD):GFP, 
we performed reverse transcription (RT)-PCR on three 
of the single-copy PiSLF 2 (CTD):GFP transgenic plants to 
see whether the transgene transcripts could be detected 
in their stage 5 anthers (defined in Lee et al. 1996). Total 
RNA was isolated from PiSLF 2 (CTD):GFP/S 2 S 3 -9, -11, -28 
and a wild-type S 2 S 3 plant, and used for reverse tran- 
scription (marked with 'RT+'). As shown in the upper 
panel of Fig. 2A, a DNA fragment of the expected size, 
~1.2kb, was detected in the cDNA samples of all 
these three transgenic plants (lanes labelled '9', '11' 
and '28', marked with 'RT+'), using a pair of transgene- 
specific primers, but not in the cDNA sample of the wild- 
type S 2 S 3 plant (lane labelled '-', marked with 'RT+'). 
Plasmid DNA containing PiSLF 2 (CTD):GFP (lane 
labelled 'P') also produced a DNA fragment of similar 
size to that of the corresponding RT-PCR product, 
suggesting that PiSLF 2 (CTD):GFP was transcribed in 
stage 5 anthers of these transgenic plants. As a negative 
control, genomic DNA of the wild-type S 2 S 3 plant (lane 
labelled 'G') did not produce any fragment. The same 
RNA samples used for RT-PCR were also amplified 
using a primer pair for actin (lower panel), and the 



Table 1 Examination of GFP-tagged transgene expression in 
pollen tubes. 



Transgenic 


Total number of 


Total number of 


line" 


pollen tubes 


fluorescent pollen 




examined 13 


tubes 


9 


96/111/117 


49/59/63 


11 


107/109/121 


53/59/65 


18 


115/133/146 


61/72/77 


25 


106/121/127 


47/50/59 


28 


105/111/127 


52/57/65 


30 


120/123/141 


51/56/70 



"Transgenic line carrying one insertion of the transgene. 
b Pollen grains from each flower were germinated as described in 
Results. Five images were taken for each sample, and the total pollen 
tube number was calculated by summing up all the pollen tubes in the 
five images. Three flowers were examined for each transgenic line. 



A KT+ RT- 

• 9 11 28 • 9 11 28 G P M 




72 

52— 
42— 
34 — 




Fig. 2 Expression analysis of PiSLF 2 (CTD)IS 2 S 3 transgenic 
plants. (A) Reverse trancriptase-PCR analysis of RNA tran- 
scripts of PiSLF 2 (CTD):GFP in stage 5 anthers of transgenic 
plants. Anthers were separately collected from three 
PiSLF 2 (CTD):GFP/S 2 S 3 transgenic plants (lanes labelled '9', '11' 
and '28') and a wild-type S 2 S 3 plant (lane labelled '-'). Five 
micrograms of RNA isolated from each plant were used for 
reverse transcription, and 250 ng of the resulting cDNA were 
used for PCR. Each panel shows the results of amplification 
of the cDNA samples, total RNA, plasmid DNA containing 
PiSLF 2 (CTD):GFP (lane labelled 'P') and 0.1 p.g of genomic 
DNA of the wild-type S 2 S 3 plant (lane labelled 'G'). A primer 
pair specific to PiSLF 2 (CTD):GFP was used in the results 
shown in the upper panel, and a primer pair specific to the 
actin gene was used in the results shown in the lower panel. 
'RT+', PCR performed on cDNA synthesized from total RNA 
in the presence of reverse transcriptase. 'RT-', PCR performed 
on total RNA in the absence of reverse transcriptase. 'M' indi- 
cates EcoRI and Hindlll digested X DNA used as size markers. 
(B) Protein gel blot analysis of PiSLF 2 (CTD):GFP in stage 5 
anthers of transgenic plants. The transgenic plants, as well 
as wild-type S 2 S 3 plants and two previously generated trans- 
genic plants used as controls, are indicated at the top of 
each lane. Approximately 30 ^g of total protein isolated 
from stage 5 anthers of each plant were used for gel electro- 
phoresis. The protein bands were detected by a rabbit anti-GFP 
antibody and peroxidase-linked sheep anti-rabbit IgG. The 
single asterisk indicates the protein band corresponding to 
the PiSLF 2 :GFP fusion protein. The double asterisks indicate 
the band corresponding to the free GFP, and the arrow indi- 
cates the band corresponding to the PiSLF 2 (CTD):GFP fusion 
protein. Molecular mass markers are shown on the left of 
the figure. 

results showed that these samples contained approxi- 
mately equal amounts of cDNA, suggesting that 
absence of the RT-PCR band of PiSLF 2 (CTD):GFP trans- 
gene in the sample of wild-type S 2 S 3 plant was not 
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due to insufficient amounts of cDNA. The plasmid DNA 
sample did not produce any fragment, while the 
genomic DNA sample yielded a fragment larger in size 
than that of the RT-PCR product (due to the presence 
of an intron). When PCRs were performed on total RNA 
from each plant (marked with 'RT-'), no fragment was 
detected with either pair of primers, indicating that 
there was no genomic DNA contamination on the 
cDNA samples. 

We next performed protein gel blot analysis, using an 
anti-GFP antibody, to examine whether the GFP fusion 
protein was produced in stage 5 anthers (Fig. 2B). Total 
anther proteins were separately isolated from four 
PiSLF 2 (CTD):GFP/S 2 S 3 transgenic plants, a wild-type S 2 S 3 
plant, and two previously generated transgenic plants, 
LAT52-GFP/S 2 S 3 (Dowd et al. 2006) and PiSLF 2 :GFP/S 2 S 3 
(Hua et al. 2007). A protein band of the expected mol- 
ecular mass, ~65 kDa, was detected in stage 5 anthers 
of all four PiSLF 2 (CTD):GFP/S 2 S 3 transgenic plants (indi- 
cated by the arrow in Fig. 2B), but not in the other 
plants. The PiSLF 2 :GFP/S 2 S 3 transgenic plant was used 
as a positive control for the GFP fusion protein. As pre- 
dicted, the band corresponding to the fusion protein 
PiSLF 2 :GFP was of a higher molecular mass than the 
band corresponding to the fusion protein PiSLF 2 
(CTD):GFP. The band corresponding to the free GFP, indi- 
cated by the LAT52-GFP/S 2 S 3 transgenic plant, was also 
detected in PiSLF 2 (CTD):GFP/S 2 S 3 transgenic plants, 
likely resulting from the cleavage of GFP fusion protein 
during sample preparations as we had previously 
observed with PiSLF 2 :GFP (Hua et al. 2007; Fields et al. 
2010). Taken together, the fusion protein PiSLF 2 (CTD):GFP 
was indeed produced in stage 5 anthers of these trans- 
genic plants at a similar or higher level than that of 
PiSLF 2 :GFP produced in the previously generated trans- 
genic plant (Fig. 2B). 

Transgenic S 2 S 3 plants producing PiSLF 2 (CTD):GFP 
in pollen remained self-incompatible 

The PiSLF 2 :GFP/S 2 S 3 transgenic plant used as control in 
the protein gel blot experiment was self-compatible, 
and set large fruits with seed numbers comparable to 
those obtained from compatible pollination between 
wild-type plants (Hua et al. 2007; Fields et al. 2010; 
this study). However, when we used pollen from the 
S 2 S 3 transgenic plants that produced PiSLF 2 (CTD):GFP to 
pollinate themselves or wild-type S 2 S 3 plants, none of 
the pollination resulted in any fruit set. We compared 
pollen tube growth in pistils of the same wild-type 
S 2 S 3 plant 16 h post-pollination with pollen from the 
PiSLF 2 :GFP/S 2 S 3 transgenic plant, the PiSLF 2 (CTD):GFP/S 2 S 3 
transgenic plants as well as two wild-type plants, 
S 2 S 3 and SjSj (Fig. 3A). Consistent with the fruit set 



result, most pollen tubes produced by transgenic plant 
P/S/_F 2 (CTDJ:GFP/S 2 S 3 -11 stopped in the upper segment 
of the pistil, similar to pollen tubes from a wild-type 
S 2 S 3 plant, whereas most pollen tubes from the trans- 
genic plant PiSLF 2 :GFP/S 2 S 3 grew through the entire 
pistil, similar to pollen tubes from a wild-type S 3 Si 
plant (Fig. 3A). These results suggested that the lack of 
fruit set for PiSLF 2 (CTD):GFP/S 2 S 3 transgenic plants was 
due to a genuine SI response. 

To rule out the possibility that the PiSLF 2 (CTD):GFP trans- 
gene might have affected the viability of the pollen/pollen 
tubes, we used pollen from three single-copy transgenic 
plants, PiSLF 2 (CTD):GFP/S 2 S 3 -9, -11 and -28, to separately 
pollinate S 2 S 2 and S 3 S 3 wild-type plants. Large fruits with 
an average seed number ~140 per fruit were obtained 
from all the crosses. We then used PCR to determine the 
S-genotypes and the inheritance of the transgene in the 
resulting progenies. Pollination results and progeny analy- 
sis are summarized in Table 2. Polymerase chain reaction 
analysis using S 2 -RNase- and S 3 -RNase-specific primers 
showed that all plants in both progenies were S 2 S 3 geno- 
type. Polymerase chain reaction analysis using primers 
specific to the PiSLF 2 (CTD):GFP transgene showed that 
~50 % of the plants in each progeny carried the trans- 
gene. These results suggested that S 2 pollen expressing 
the transgene and S 3 pollen expressing the transgene 
were accepted by S 3 S 3 and S 2 S 2 pistils, respectively. More- 
over, S 3 pollen producing PiSLF 2 (CTD):GFP was rejected by 
the S 3 S 3 pistil, because no progeny plant carrying the 
transgene was S 3 S 3 genotype. Figure 3B shows the 
results of 16 plants in the progeny from pollination of a 
wild-type S 3 S 3 plant by pollen of the transgenic plant 
P/S/_F 2 (CTDJ:GFP/S 2 S 3 -11. Nine of them were wild-type 
S 2 S 3 , and seven of them were S 2 S 3 with the transgene. 
We used pollen from these three transgenic plants to pol- 
linate S 6 S 6 wild-type plants (Table 2), and based on PCR 
analyses similar to those described above, each progeny 
contained S 2 S 6 wild-type, S 3 S 6 wild-type, 5 2 5 6 carrying 
the transgene and S 3 S 6 carrying the transgene in a ratio 
of -1:1:1:1. Thus, the PiSLF 2 (CTD):GFP transgene did not 
affect the viability or SI behaviour of S 2 or S 3 pollen. 

Identification of PiSSKl from P. inflata 

Huang et al. (2006) identified AhSSKl of Antirrhinum by 
yeast two-hybrid screens using AhSLF-S 2 as bait, and 
Zhao et al. (2010) identified PhSSKl (P. hybrida SSK1) 
based on its homology to AhSSKl. PhSSKl and AhSSKl 
share 48.3 % amino acid sequence identity, and both 
are specifically expressed in pollen. The loss of SI func- 
tion for PiSLF 2 (CTD) might be caused by its inability to 
interact with an orthologue of PhSSKl in P. inflata 
without the F-box domain. To identify an SSKl-like 
protein, we screened the previously constructed S 2 S 2 
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Fig. 3 Self-incompatibility phenotypical analysis of PiSLF 2 (CTD)IS 2 S3-ll transgenic plant. (A) Examination of transgenic and wild-type 
pollen tube growth in pistils 16 h post-pollination. The same wild-type S 2 S 3 plant was used as the female parent in all crosses, and the 
genotype of the pollen parent is shown at the bottom of each image. Pollen tubes were stained with aniline blue and visualized under an 
epifluorescence microscope. Only the segment near the bottom of the pistil is shown. (B) Polymerase chain reaction analysis of progeny 
from pollination of a wild-type S 3 S 3 plant by pollen of PiSLF 2 (CTD):GFP/S 2 S 3 -ll. Genomic DNA (~100 ng) extracted from 16 progeny plants 
and from three wild-type plants (S 2 S 3 , S 2 S 2 and S 3 S 3 ) was used as template for PCR, with a specific primer pair corresponding to the 
coding sequence of PiSLF 2 (CTD):GFP (upper panel), and primers specific to S 2 -RNase (middle panel) or S 3 -RNase (bottom panel). The 
PCR products from genomic DNA of PiSLF 2 (CTD):GFP/S 2 S 3 -ll (indicated as T 0 ) and the Ti plasmid used for transformation (indicated as 
P) are shown as positive controls. M indicates EcoRI and Hindlll digested \ DNA used as size markers. 



Table 2 Summary of pollination results testing the effect of PiSLF 2 (CTD):GFP transgene on SI behaviour and viability of transgenic 
pollen. 



Transgenic plant (male 
parent) 


Genotype of wild-type plant 
(female parent) 


Average number of 
seeds per fruit" 


Per cent of progeny 
inheriting transgene b 


Genotype of 
progeny 


PiSLF 2 (CTD):GFP/S 2 S 3 -9 


S 2 S 2 


135 + 10 


47 % (15) 


S 2 S 3 


PiSLF 2 (CTD):GFP/S 2 S 3 -ll 


5 2 5 2 


145 + 15 


50 % (20) 


S 2 S 3 


PiSLF 2 (CTD):GFP/S 2 S 3 -28 


S 2 S 2 


130 + 15 


43 % (21) 


S 2 S 3 


PiSLF 2 (CTD):GFP/S 2 S 3 -9 


S 3 S 3 


145 + 15 


43 % (21) 


S 2 S 3 


PiSLF 2 {CTD):GFP/S 2 S 3 -n 


S 3 S 3 


155 + 10 


57 % (21) 


S 2 S 3 


PiSLF 2 (CTD):GFP/S 2 S 3 -28 


S 3 S 3 


145 + 10 


41 % (17) 


S 2 S 3 


PiSLF 2 (CTD):GFP/S 2 S 3 -9 


S 6 Se 


175 + 10 


39 % (18) 


^2^6; S3S6 


PiSLF 2 {CTD):GFP/S 2 S 3 -U 


s 6 s 6 


185 + 10 


55 % (22) 


52^6, S3S6 


PiSLF 2 (CTD):GFP/S 2 S 3 -28 


SeSe 


175 + 15 


56 % (16) 


$2$6i S3S6 



"Each number was calculated from five fruits. 

b Each number in parentheses is the total number of plants analysed by PCR. 
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BAC library of P. inflata (McCubbin et al. 2000) by PCR 
using primers designed based on the coding sequence 
of PhSSKl. Sequencing analysis of one of the five 
clones obtained revealed a 537-bp open reading frame, 
interrupted by a 496-bp intron. The deduced amino 
acid sequence of the protein, named PiSSKl, shared 
98.9 % identity with that of PhSSKl. Figure 4A shows 
an alignment of the amino acid sequences of PiSSKl, 
PhSSKl and AhSSKl. (A more comprehensive alignment, 
including several typical plant SKPl-like proteins, is 
shown in [Additional Figure 2].) Only two amino acids, 
not among the key residues predicted to be involved in 
binding an F-box domain (Huang et al. 2006), are differ- 
ent between PiSSKl and PhSSKl, suggesting that an 
SSK1 orthologue is present in P. inflata. 

We used a pair of P/SSKl-specific primers to examine the 
expression of PiSSKl by RT-PCR. Similar to PhSSKl and 
AhSSKl, PiSSKl is expressed in pollen and in/n w'tro-germi- 
nated pollen tubes, but not in leaves or styles (Fig. 4B). As 
shown in the upper panel, a DNA fragment of the expected 
size, ~500bp, was detected in the cDNA samples of 
anthers from stages 2-5 and pollen tubes, but not in the 



cDNA samples of leaves or styles. Genomic DNA of a 
wild-type plant (lane labelled 'G') produced a fragment 
larger in size than that of the RT-PCR product, due to 
the presence of the intron. The same cDNA samples 
were also amplified using a primer pair for actin (lower 
panel of Fig. 4B), and the result showed that these 
samples contained approximately equal amounts of 
cDNA. The genomic DNA sample yielded a fragment 
larger in size than that of the RT-PCR product, indicating 
that there was no genomic DNA contamination in the 
RNA samples. Therefore, based on sequence identity, 
sequence alignment and gene expression pattern, we 
concluded that PiSSKl is a bona fide SSK1 gene. 

PiSBPl, but not PiSSKl, interacted with three allelic 
variants of PiSLF based on yeast two-hybrid assay 

Using the yeast two-hybrid assay, Huang et al. (2006) 
showed that AhSSKl interacted with AhSLF-S 2 and 
AhSLF-S 5 , but not with AhSLF-Si or AhSLF-S 4 . Similarly, 
PhSSKl interacted with AhSLF-S 2 , AhSLF-S 5 and 
PhSLF-Sv, but not with AhSLF-Si or AhSLF-S 4 (Zhao 
et al. 2010). It is unclear why only a subset of allelic 




81 Jkglc«v<lT9»DDU>rDE<ifVa Vj (••ITD i i.HIILI I k . lHE 1 ccQs 1 k»«SVi .VR..1 V I 1 *DLt«EE 



rissw 



,161 Eq*liii<laPXArC3p«it>dtT> 




Fig. 4 Identification of an SSK1 orthologue, PiSSKl, in P. inflata. (A) Alignment of the deduced amino acid sequences of PiSSKl of 
P. inflata, PhSSKl of P. hybrida, and AhSSKl of A. hispanicum. The highest consensus residue for each aligned position is indicated at 
the bottom. Amino acid residue numbers are indicated. The predicted key residues of AhSSKl involved in binding F-box domain 
(Huang et al. 2006) are underlined. Only two amino acid residues, enclosed in red-lined boxes, are different between PhSSKl and 
PiSSKl. (B) Tissue-specific expression profile of PiSSKl. RNA extracted from leaves, styles, anthers of stages 1-5 and in v/tro-germinated 
pollen tubes was used for reverse transcription. In all, 250 ng of the resulting cDNA were used for PCR. Each panel shows the results of 
amplification of the cDNA samples, 0.1 p.g of genomic DNA of a wild-type S2S3 plant (indicated as G) and water, using a primer pair 
specific to PiSSKl (upper panel) and a primer pair specific to the actin gene (lower panel). The single asterisk indicates a non-specific 
band amplified using the primers for actin. M indicates EcoRI and Hindlll digested X DNA used as size markers. 
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variants of AhSLF and PhSLF is able to interact with 
AhSSKl and PhSSKl if SSK1 is an integral component 
of the SLF-containing E3 ligase complex. Moreover, of 
all the AhSLF and PhSLF proteins identified, only 
AhSLF-S 2 has so far been reported to control pollen 
specificity (Qiao et al. 2004b). 

We used the yeast two-hybrid assay to determine 
whether PiSSKl interacts with PiSLF a , PiSLF 2 and PiSLF 3 , 
all of which had been shown to control pollen specificity 
(Sijacic et al. 2004; Kubo et al. 2010; A. Fields, N. Wang 
and T.-h. Kao, Penn State University, University Park, USA, 
unpubl. res.). PiSSKl was cloned into pGADT7 as a prey 
and the three alleles of PiSLF were individually cloned into 
pGBKT7 as baits for co-transformation of yeast cells, and 
the transformants were plated on selective media to 
examine protein interactions. As shown in Fig. 5, no inter- 
action was detected between PiSSKl and any of the three 
allelic variants of PiSLF. We further used the yeast two- 
hybrid assay to show that PiSSKl did not interact with the 
F-box region of PiSLF 2 , designated PiSLF 2 (F-box) (amino 
acid residues 1-49), or with PiSLF 2 (CTD). 

We previously used one SKPl-like protein of P. inflata as 
bait for yeast two-hybrid screens of a pollen prey library 
of S 2 S 2 genotype, and found that all the positive clones 
encode seven different F-box proteins, none of which are 
encoded by S-locus genes (Hua and Kao 2006). When we 
used PiSLF 2 as bait for yeast two-hybrid screens of the 
same prey library, all the positive clones identified encode 
PiSBPl. We then confirmed the interaction between 
PiSLF 2 and PiSBPl by an in vitro protein-binding assay 
(Hua and Kao 2006). To rule out the possibility that the 
lack of interaction between PiSSKl and the three allelic var- 
iants of PiSLF in the yeast two-hybrid assay was due to lack 
of expression of the latter proteins, we used the same 
PiSLF^ PiSLF 2 and PiSLF 3 bait constructs as well as the 
two truncated PiSLF 2 constructs, PiSLF 2 (F-box) and PiSLF 2 (- 
CTD), to assay for their interactions with PiSBPl. As shown 
in Fig. 5, we confirmed the interactions of PiSBPl with 
PiSLF 2 , PiSLF 2 (F-box) and PiSLF 2 (CTD), as previously 
reported (Hua and Kao 2006), and also found that PiSBPl 
interacted with PiSLF a and PiSLF 3 . PiSBPl did not interact 
with the protein encoded by the pGADT7-53 control 
vector, nor did it interact with PiSSKl (Fig. 5). 

To rule out the possibility that the lack of interaction 
between PiSSKl and the three allelic variants of PiSLF 
was due to lack of synthesis of PiSSKl, we performed 
protein gel blot analysis to examine whether PiSSKl 
was produced in yeast cells carrying pGADT7-PiSSKl. As 
shown in Fig. 6, an ~43 kDa band, consistent with the 
predicted molecular mass of PiSSKl fused to the GAL4 
AD domain and HA (haemagglutinin) epitope tag, was 
detected only in the total protein extract of yeast cells 
carrying pGADT7-PiSSKl, suggesting that PiSSKl was 



produced in yeast but failed to interact with the three 
allelic variants of PiSLF. 

Discussion 

The F-box domain of PiSLF is required 
for its function in SI 

In this work, we transformed S 2 S 3 plants with 
LAT52-PiSLF 2 (CTD):GFP to examine whether the F-box 
domain of PiSLF is required for its SI function in vivo. If 
the F-box domain is not required, PiSLF 2 (CTD):GFP/S 2 S 3 
transgenic plants should exhibit the same SI behaviour 
as the PiSLF 2 :GFP/S 2 S 3 transgenic plants. We first ana- 
lysed expression of the GFP-fused protein in in vitro- 
germinated pollen tubes by their fluorescence, and 
found that for each of the seven T 0 transgenic plants 
that carried a single copy of the transgene, ~50% of 
the pollen tubes were fluorescent. We chose three of 
these plants for analyses by RT- PCR and protein gel blot- 
ting, and showed that PiSLF 2 (CTD):GFP was expressed in 
the transgenic plants and that, in stage 5 anthers, the 
GFP-fused protein was produced at levels comparable 
to that of PiSLF 2 :GFP produced in a previously generated 
PiSLF 2 :GFP/S 2 S 3 transgenic plant. Thus, in these trans- 
genic plants, PiSLF 2 (CTD):GFP was produced to sufficient 
levels in pollen for it to function, should it retain the 
normal function of PiSLF 2 . 

The SI behaviour of the three transgenic plants exam- 
ined by RT-PCR and protein gel blotting was analysed, 
and all of them remained self-incompatible, unlike 
the transgenic plants producing the full-length PiSLF 2 . 
Progeny analysis from the crosses between these 
PiSLF 2 (CTD):GFP/S 2 S 3 transgenic plants (as male parent) 
and S 2 S 2 and S 3 S 3 wild-type plants (as female parent) 
suggested that the PiSLF 2 (CTD):GFP transgene did not 
affect the viability or SI behaviour of S 2 or S 3 pollen. If 
PiSLF 2 (CTD) had the same function as PiSLF 2 , S 3 pollen 
carrying the transgene would be compatible with S 3 S 3 
pistil due to competitive interaction, and thus plants of 
S 3 S 3 genotype carrying the transgene would have been 
obtained from the cross of PiSLF 2 (CTD):GFP/S 2 S 3 trans- 
genic plants with S 3 S 3 wild-type plants. Thus, our 
results suggest that the F-box domain of PiSLF is 
required for its function in SI. 

Expression of PiSLF 2 (CTD):GFP does not affect 
the SI behaviour of transgenic pollen 

The LAT52 promoter used to drive the expression of 
GFP-fused PiSLF 2 (CTD) is a much stronger promoter 
than the native PiSLF 2 promoter. Since PiSLF 2 (CTD) 
lacking the F-box domain could not function as the full- 
length PiSLF 2 , we examined whether over-expression of 
PiSLF 2 (CTD):GFP in S 2 pollen would have a dominant- 
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Fig. 5 Yeast two-hybrid assay of interactions between PiSSKI, PiSBPI and PiSLFs. The bait (BD fusion) and prey (AD fusion) constructs, 
as indicated, were introduced into yeast reporter strain Y2HGold. Representative transformants from three independent experiments 
were streaked out on (A) selective plates lacking adenine, histidine, leucine and tryptophan, and (B) selective plates lacking adenine, 
histidine, leucine and tryptophan, but containing X-a-Gal and aureobasidin, and were examined for growth and a-galactosidase activity. 
(C) Summary of the yeast two-hybrid results. + indicates positive interactions observed and - indicates no interactions observed. 
pGADT7-T (indicated as T) and pGBKT7-53 (indicated as 53) were used as controls. 



negative effect on the SI phenotype of transgenic plants 
by out-competing the endogenous PiSLF 2 in either 
assembly into the PiSLF-containing E3 complex, or inter- 
action with the non-self S-RNases inside a pollen tube. In 
either case, PiSLF 2 would be unable to function to target 
non-self S-RNases for ubiquitination and subsequent 
degradation, and its essential function in SI would be 
revealed. Since the specific amino acids of PiSLF and 
S-RNase involved in their interaction had not been 
determined and since PiSLF 2 shares ~90% amino acid 
sequence identity with PiSLF 3 , it was also possible that 
the over-expressed PiSLF 2 (CTD):GFP could out-compete 
the endogenous PiSLF 3 in S 3 pollen. However, we found 
that ~50% of the plants in each progeny, from 
crosses between PiSLF(CTD):GFP/S 2 S 3 transgenic plants 
and S 2 S 2 or S 3 S 3 wild-type plants, carried the transgene, 



suggesting that over-expression of PiSLF 2 (CTD):GFP does 
not affect SI behaviour in either S 2 or S 3 transgenic 
pollen. 

This finding could suggest that PiSLF 2 (CTD) does not 
have a dominant-negative effect on endogenous PiSLF 2 
in S 2 transgenic pollen or on endogenous PiSLF 3 in S 3 
transgenic pollen. However, this is not likely, because 
the level of PiSLF 2 (CTD) produced in the S 2 and S 3 trans- 
genic pollen is much higher than those of endogenous 
PiSLF 2 in S 2 pollen and PiSLF 3 in S 3 pollen, and because 
PiSLF 2 (CTD) also interacts with PiSBPI (Fig. 5) and 
S 3 -RNase. Rather, the lack of a dominant-negative 
effect is consistent with the recent finding that in 
Petunia, multiple types of SLF proteins collaboratively 
function to recognize the entire suite of non-self 
S-RNases in pollen (Kubo et al. 2010). For a given 
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Fig. 6 Protein gel blot analysis of PiSSKl expression in yeast. Total proteins were extracted from yeast strains Y2HGold (used in two- 
hybrid assays), Y187, Y2HGold transformed with pGADT7 (encoding GAL4 AD-HA of -18 kDa), Y2HGold transformed with pGADT7-PiSSKl 
(encoding GAL4 AD-HA-PiSSKl fusion protein of ~40 kDa) and DPY11 transformed with TBP-HA (HA-tagged TATA binding protein of 
~30 kDa) transformed into DPY11. The single asterisk indicates GAL4 AD-HA, the double asterisk indicates GAL4 AD-HA-PiSSKl fusion 
protein and the triple asterisk indicates TBP-HA used as positive control. Other bands are yeast proteins that cross-reacted with the 
primary anti-HA antibody. Molecular mass markers are shown on the left. 



S-haplotype, two or more types of SLF proteins may 
recognize and target the degradation of a particular 
non-self S-RNase (Kubo et al. 2010), and thus loss of 
function in a single type of SLF gene may not affect 
the SI behaviour of pollen, because products of some 
other type(s) of SLF gene(s) may also recognize the 
same non-self S-RNase targeted by the defective SLF. 
Therefore, the finding of over-expression of PiSLF 2 
(CTD):GFP is likely because at least one other type of 
SLF produced in S 2 and S 3 pollen can also interact with 
S 3 -RNase and/or S 6 -RNase to mediate their degradation. 

PiSBPl, but not PiSSKl, interacts with PiSLF 
in yeast two-hybrid assay 

Qiao et al. (2004a, b) and Huang et al. (2006) showed 
that AhSLF of Antirrhinum might be a component of a 
typical SCF complex. Contrary to the findings with 
AhSLF, we previously showed that PiSLF might be in a 
novel E3 ubiquitin ligase complex that contains 
PiCULl-G (a CULLIN-1) and PiSBPl (a RING-HC protein), 
but does not contain SKP1 or RBX1 (Hua and Kao 
2006). This was based on the findings that (i) PiSBPl 
interacts with PiSLF, S-RNase, PiCULl-G and an E2 
ubiquitin-conjugating enzyme; and (ii) PiSLF interacts 
with S-RNases, but does not interact with any SKP1. 
According to this model, it is PiSBPl, but not SKP1, that 
brings PiCULl-G and PiSLF into the complex. Since 
PiSBPl interacts with both male and female specificity 
determinants, it may play a key role in S-RNase-based SI. 



Zhao et al. (2010) identified a novel class of SKP-l-like 
proteins, PhSSKl, in P. hybrida, which is expressed 
specifically in pollen and might act as an adapter in 
the SCF complex. They showed that PhSSKl interacted 
with AhSLF-S 2 /-S 5 and PhSLF-Sv, and that substantial 
down-regulation of PhSSKl led to reduced fertility of 
cross-compatible pollen, suggesting its involvement in 
SI. However, it cannot be ruled out that the reduced fer- 
tility might be due to lethality to pollen caused by the 
use of the long-hairpin RNA to suppress the expression 
of PhSSKl. Xing and Zachgo (2007) reported the pollen 
lethal phenotype in the arabidopsis RNAi lines generated 
to suppress AGL18, but did not find the same defective 
pollen phenotype in the T-DNA knockout mutant. They 
generated RNAi lines to suppress genes that are not 
expressed in pollen and demonstrated that the long- 
hairpin RNA itself, rather than silencing of a specific 
gene, caused the pollen lethal phenotype. In all the 
RNAi lines generated, they also observed a lower 
expression level of the target transcript, and this could 
be explained by the death of some pollen. Moreover, 
among the several allelic variants of SLF from 
A. hispanicum and P. hybrida with which PhSSKl was 
found to interact, only the function of AhSLF-S 2 in SI 
has been demonstrated through its causing the 
breakdown of SI function in transgenic pollen of a 
self-incompatible P. hybrida line (Qiao et al. 2004b). 

In this work, we identified PiSSKl in P. inflata, an 
orthologue of PhSSKl, and examined its interaction 
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with three allelic variants of PiSLF, whose SI function has 
already been established. None of these proteins inter- 
acted with PiSSKl in the yeast two-hybrid assay. As 
both AhSSKl and PhSSKl were found by the yeast two- 
hybrid assay to selectively interact with certain allelic 
variants of AhSLF and PhSLF, we cannot rule out the 
possibility that PiSSKl may also interact with some yet 
untested allelic variants of PiSLF. However, this would 
raise a question as to what protein serves as the 
adapter for CULLIN-1 and the allelic variants of SLF 
that do not interact with SSK1. Thus, although recent 
studies have suggested the role of a conventional 
SCF SLF complex in S-RNase degradation (Qiao et al. 
2004a; Huang et al. 2006), questions remain as to the 
precise biochemical nature of this complex. 

Conclusions and forward look 

We have shown that in P. inflata, the F-box domain of 
PiSLF is required for its SI function, and that this require- 
ment is probably not due to the interaction between the 
F-box domain and a conventional SKPl-like protein (Hua 
and Kao 2006; Huang et al. 2006) or a novel SKPl-like 
protein (SSK1) proposed to be involved in the SCF SLF 
complex (Huang et al. 2006). Instead, we have further 
confirmed the interaction of PiSLF with PiSBPl (Hua 
and Kao 2006), suggesting that the F-box domain of 
PiSLF is involved in the assembly of a PiSLF-containing 
E3 complex probably through binding to PiSBPl. To 
definitely establish that PiSBP is a component of this 
complex, one may isolate the complex, for example by 
co-immunoprecipitation, and identify its individual com- 
ponents. Given that the pollen specificity determinant 
comprises multiple types of SLF proteins, it will be of 
interest to examine whether all of these proteins interact 
with PiSBPl, and if so, what common domain(s) may be 
involved in the interaction. PiSBPl is also expressed in all 
the vegetative tissues (e.g. leaf, petal, root) examined 
(Hua and Kao 2006), but its physiological function, if 
any, in these tissues is unknown. Finally, if the sole func- 
tion of PiSBPl in pollen is to serve as a component of the 
E3 complex involved in degradation of S-RNases, one 
would expect that specific suppression of its expression 
in pollen would render the types of SLF proteins that 
require PiSBPl for SI function unable to detoxify any 
S-RNase. As a result, the transgenic pollen would be 
rejected by pistils of any S-genotype. 

Additional information 

The following additional information is available in the 
online version of this article - 



Figure 1: Bright field (top) and fluorescence (bottom) 
images of representative pollen tubes produced by 
transgenic plant PiSLF 2 (CTD):GFP/S 2 S 3 -11. 

Figure 2: Sequence alignment of PiSSKl of P. inflata, 
PhSSKl of P. hybrida, AhSSKl of A. hispanicum and 
several typical plant SKPl-like proteins. 

Accession numbers 

PiSSKl (JF429902). 

Sources of funding 

This work was supported by National Science Foundation 
(USA) grant IOS-0843195 to T.-h.K. 

Contributions by the authors 

X.M., Z.H. and T.-h.K. designed the experiments. Z.H. 
made the pBI LAT52 SLF 2 (CTD):GFP construct shown in 
Fig. 1A and performed some of the plant transformation 
experiments. P.S. carried out the protein gel blot analysis 
of PiSSKl shown in Fig. 6. X.M. performed all the other 
experiments. X.M. and T.-h.K wrote the manuscript, 
with input from Z.H. and P.S. 

Acknowledgements 

We thank Anthony Omeis for greenhouse management; 
Jiong Wang for general laboratory help; Eligio Bossolini 
for providing P. inflata seed of S 6 S 6 genotype; Joseph 
Reese for providing the mouse anti-HA antibody, yeast 
protein extraction protocol and TBP-HA yeast strain; 
and Suresh Sharma and David Manna for technical 
advice on protein gel blot analysis of yeast proteins. 

Conflicts of interest statement 

None declared. 



References 

Ai Y, Singh A, Coleman CE, Ioerger TR, Kheyr-Pour A, Kao T-h. 
1990. Self-incompatibility in Petunia inflata: isolation and 
characterization of cDNAs encoding three S-allele-associated 
proteins. Sexual Plant Reproduction 3: 130-138. 

Brewbaker JL, Natarajan AT. 1960. Centric fragments and pollen 
part mutation of incompatibility alleles in Petunia. Genetics 45: 
699-704. 

de Nettancourt D. 2001. Incompatibility and incongruity in wild and 

cultivated plants. Berlin: Springer. 
Dowd PE, Coursol S, Skirpan A, Kao T-h, Gilroy S. 2006. Petunia 

phospholipase CI is involved in pollen tube growth. Plant Cell 

18: 1438-1453. 

Entani T, Zwano M, Shiba H, Che FS, Isogai A, Takayama S. 2003. 

Comparative analysis of the self-incompatibility (S-) locus 



AoB PLANTS 2011 plr016 doi:10.1093/aobpla/plr016, available online at www.aobplants.oxfordjournals.org © The Authors 2011 



Meng et al. — F-box domain of Petunia S-locus F-box protein required for SI function 



region of Prunus mume: identification of a pollen-expressed 
F-box gene with allelic diversity. Genes to Cells 8: 203-213. 

Fields AM, Wang N, Hua Z, Meng X, Kao T-h. 2010. Functional 
characterization of two chimeric proteins between a Petunia 
inflata S-locus F-box protein, PiSLF 2 , and a PiSLF-like protein, 
PiSLFLb-S 2 . Want Molecular Biology 74: 279-292. 

Franklin-Tong VE. 2008. Self-incompatibility in flowering plants — 
evolution, diversity, and mechanism. Berlin: Springer. 

Goldraij A, Kondo K, Lee CB, Hancock CN, Sivaguru M, 
Vazquez-Santana S, Kim S, Phillips TE, Cruz-Garcia F, 
McClure B. 2006. Compartmentalization of S-RNase and HT-B 
degradation in self-incompatible Nicotiana. Nature 439: 
805-810. 

Hua Z, Kao T-h. 2006. Identification and characterization of com- 
ponents of a putative Petunia S-locus F-box-containing E3 
ligase complex involved in S-RNase-based self-incompatibility. 
Plant Cell 18: 2531-2553. 

Hua Z, Meng X, Kao T-h. 2007. Comparison of Petunia inflata 
S-locus F-box protein (PiSLF) with PiSLF-like proteins reveals its 
unique function in S-RNase-based self-incompatibility. Plant 
Cell 19: 3593-3609. 

Hua Z, Fields AM, Kao T-h. 2008. Biochemical models for S-RNase- 
based self-incompatibility. Molecular Plant 1: 575-585. 

Huang J, Zhao L, Yang Q, Xue Y. 2006. AhSSKl, a novel SKPl-like 
protein that interacts with the S-locus F-box protein SLF. Plant 
Journal 46: 780-793. 

Kao T-h, Tsukamoto T. 2004. The molecular and genetic bases of S- 
RNase-based self-incompatibility. Plant Cell 16: S72-S83. 

Kubo K-I, Entani T, Takara A, Wang N, Fields AM, Hua Z, Toyoda M, 
Kawashima S-i, Ando T, Isogai A, Kao T-h, Takayama S. 2010. 
Collaborative non-self recognition system in S-RNase-based 
self-incompatibility. Science 330: 796-799. 

Lai Z, Ma W, Han B, Liang L, Zhang Y, Hong G, Xue Y. 2002. An 
F-box gene linked to the self-incompatibility (S)locus of Antirrhi- 
num is expressed specifically in pollen and tapetum. Plant Mol- 
ecular Biology 50: 29-42. 

Lee H-S, Huang S, Kao T-h. 1994. S proteins control rejection of 
incompatible pollen in Petunia inflata. Nature 367: 560-563. 

Lee H-S, Karunanandaa B, McCubbin A, Gilroy S, Kao T-h. 1996. 
PRK1, a receptor-like kinase of Petunia inflata, is essential for 
postmeiotic development of pollen. Plant Journal 9: 613-624. 

McClure BA, Haring V, Ebert PR, Anderson MA, Simpson RJ, 
Sakiyama F, Clarke AE. 1989. Style self-incompatibility gene pro- 
ducts of Nicotiana alata are ribonucleases. Nature 342: 955-957. 

McCubbin AG, Zuniga C, Kao T-h. 2000. Construction of a binary 
artificial chromosome library of Petunia inflata and the identifi- 
cation of larger genomic fragments linked to the self- 
incompatibility (S-) locus. Genome 43: 820-826. 

Meng X, Hua Z, Wang N, Fields AM, Dowd P, Kao T-h. 2009. Ectopic 
expression of S-RNase of Petunia inflata in pollen results in its 



sequestration and non-cytotoxic function. Sexual Plant Repro- 
duction 22: 263-275. 

Murfett J, Atherton TL, Mou B, Gasser CS, McClure BA. 1994. 
S-RNase expressed in transgenic Nicotiana causes 
S-allele-specific pollen rejection. Nature 367: 563-566. 

Qiao H, Wang H, Zhao L, Zhou J, Huang J, Zhang Y, Xue Y. 2004a. 
The F-box protein AhSLF-S 2 physically interacts with S-RNases 
that may be inhibited by the ubiquitin/26S proteasome 
pathway of protein degradation during compatible pollination 
in Antirrhinum. Plant Cell 16: 582-595. 

Qiao H, Wang F, Zhao L, Zhou J, Lai Z, Zhang Y, Robbins TP, Xue Y. 
2004b. The F-box protein AhSLF-S 2 controls the pollen 
function of S-RNase-based self-incompatibility. Plant Cell 16: 
2307-2322. 

Sijacic P, Wang X, Skirpan AL, Wang Y, Dowd PE, McCubbin AG, 
Huang S, Kao T-h. 2004. Identification of the pollen determi- 
nant of S-RNase-mediated self-incompatibility. Nature 429: 
302-305. 

Skirpan AL, McCubbin AG, Ishimizu T, Wang X, Hu Y, Dowd PE, 
Ma H, Kao T-h. 2001. Isolation and characterization of kinase 
interacting protein 1, a pollen protein that interacts with the 
kinase domain of PRK1, a receptor-like kinase of Petunia. Plant 
Physiology 126: 1480-1492. 

Twell D, Yamaguchi J, McCormick S. 1990. Pollen-specific gene 
expression in transgenic plants: coordinate regulation of two 
different tomato gene promoters during microsporogenesis. 
Development 109: 705-713. 

Ushijima K, Sassa H, Dandekar AM, Gradziel TM, Tao R, Hirano H. 
2003. Structural and transcriptional analysis of the self- 
incompatibility locus of almond: identification of a 
pollen-expressed F-box gene with haplotype-specific poly- 
morphism. Plant Cell 15: 771-781. 

Wang Y, Tsukamoto T, Yi K-w, Wang X, Huang S, McCubbin AG, 
Kao T-h. 2004. Chromosome walking in the Petunia inflata self- 
incompatibility (S-) locus and gene identification in an 881-kb 
contig containing S 2 -RNase. Plant Molecular Biology 54: 
727-742. 

Wijsman HJW. 1983. On the interrelationships of certain species of 

Petunia. II. Experimental data: crosses between different taxa. 

Acta Botanica Neerlandica 32: 97-107. 
Xing S, Zachgo S. 2007. Pollen lethality: a phenomenon in Arabi- 

dopsis RNA interference plants. Plant Physiology 145: 

330-333. 

Yamane H, Ikeda K, Ushijima K, Sassa H, Tao R. 2003. A pollen- 
expressed gene for a novel protein with an F-box motif that is 
very tightly linked to a gene for S-RNase in two species of cherry, 
Prunus cerasus and P. avium. Plant Cell Physiology 44: 764-769. 

Zhao L, Huang J, Zhao Z, Li Q, Sim T, Xue Y. 2010. The Skpl-like 
protein SSK1 is required for cross-pollen compatibility in 
S-RNase-based self-incompatibility. Plant Journal 62: 52-63. 



AoB PLANTS 2011 plr016 doi:10.1093/aobpla/plr016, available online at www.aobplants.oxfordjournals.org © The Authors 2011 



